High temperatures (>30 °C day and/or >20 °C night) during reproductive development reduce yields in common bean. High temperature also limits geographic range of cultivation and is the primary reason snap beans are not planted in summer months in the southeastern United States (Silbernagel, 1986) , or that common beans are planted only in cooler seasons in tropical growing areas (Porch, 2001 ). Due to abscission of buds, fl owers, and pods, brief heat waves in North American growing areas cause split sets in snap bean fi elds (Myers and Baggett, 1999; Silbernagel, 1986) , characterized by differences in size of the pods which set before and after a heat wave. High temperatures around anthesis also reduce seed set, perhaps due to impaired pollen tube growth and fertilization (Gross and Kigel, 1994) , resulting in deformed pods that reduce product quality in snap bean.
High temperatures (>30 °C day and/or >20 °C night) during reproductive development reduce yields in common bean. High temperature also limits geographic range of cultivation and is the primary reason snap beans are not planted in summer months in the southeastern United States (Silbernagel, 1986) , or that common beans are planted only in cooler seasons in tropical growing areas (Porch, 2001 ). Due to abscission of buds, fl owers, and pods, brief heat waves in North American growing areas cause split sets in snap bean fi elds (Myers and Baggett, 1999; Silbernagel, 1986) , characterized by differences in size of the pods which set before and after a heat wave. High temperatures around anthesis also reduce seed set, perhaps due to impaired pollen tube growth and fertilization (Gross and Kigel, 1994) , resulting in deformed pods that reduce product quality in snap bean.
Abscission of reproductive organs under high-temperature stress can be the primary determinant of pod set in common bean (Konsens et al., 1991) , and other annual legumes, including peanut (Arachis hypogeae L.; Prasad et al., 1999) , cowpea [Vigna unguiculata (L.) Walp.; Craufurd et al., 1998 ], and pea (Pisum sativum L.; Guilioni et al., 1997) . The highest rates of abscission occur when heat stress is experienced before anthesis in common bean (Konsens et al., 1991; Monterroso and Wien, 1990) , as in peanut (Prasad et al., 1999) and cowpea (Craufurd et al., 1998) . Flowers are the most likely reproductive organs to abscise, followed by young pods (<2 cm long), and then buds (Konsens et al., 1991; Monterroso and Wien, 1990) . Abscission of reproductive organs also occurs under optimal conditions in common bean and other grain legumes, though the mechanisms inducing abscission under optimal conditions may be different from those under heat stress (Konsens et al., 1991) .
Possible mechanisms infl uencing abscission of reproductive organs (RO) under heat stress in common bean include reduced photoassimilate availability, disruption of source-sink relations, decrease of metabolic activity of reproductive organs, quantity of certain plant hormones, and failure of fertilization and embryo development. However, the physiological association between these traits and their infl uence on abscission of RO under heat stress in common bean and other grain legumes remains unclear. Limitation of carbohydrate supply has been implicated in abscission of RO under a range of conditions in many crop species, including pepper (Capsicum anuum L.; Aloni et al., 1996; Marcelis et al., 2004) and grape (Vitis vinifera L.; Lebon et al., 2004) . However, Ahmed et al. (1993) demonstrated that increasing atmospheric carbon dioxide concentration in high-temperature conditions increased carbohydrate levels but did not improve heat tolerance in cowpea. Implicating plant hormones in the control of abscission under heat stress, Ofi r et al. (1993) examined common bean cultivars differing in heat tolerance, and observed those cultivars with higher tolerance of pod set to high temperatures had smaller relative reductions in indol-3yl-acetic acid (IAA) exported to agar. Aloni et al. (1996) associated abscission of individual RO under heat stress with decreases in metabolic activity of the RO. There is evidence that plant hormones affect number of sinks and the metabolic activity of sinks on a plant (Kuiper, 1993) , a possible explanation of the results of Ofi r et al. (1993) and Aloni et al. (1996) . High temperatures may have a direct damaging effect on reproductive development. Mutters and Hall (1992) observed that high night temperatures occurring only during the last 6 h of a 12-h night period reduces pollen viability and pod set in cowpeas, and hypothesized that a heat-sensitive process in pollen development is under circadian control. This may account for the interaction between photoperiod and heat stress in cowpea, as both photoperiod sensitivity and circadian rhythms are mediated by phytochrome (Hall, 2004) . The expression of heat-shock proteins (HSPs) makes plants more tolerant to abrupt and extreme increases in temperatures (Vierling, 1991) . However, heat stress during reproductive development in grain legumes occurs under moderately elevated temperatures, below tempera-tures that cause physiological heat stress. Heat-shock proteins were not associated with relative heat acclimation potential in six common beans (Li and Udomprasert, 1993) . Cowpea lines differing in reproductive heat tolerance produced the same set of low molecular weight HSPs in their leaves when subjected to moderately elevated temperatures (Hall, 2004) , suggesting HSPs were not conditioning heat tolerance.
This study investigates genetic control of heat tolerance in a tolerant snap bean (ʻCornell 503ʼ) × sensitive wax bean (ʻMajesticʼ) cross (Rainey and Griffi ths, 2005a) . Though the parents of the cross are in separate market classes they should not be genetically divergent. Two genes (y and Arg) are responsible for the wax bean yellow-podded phenotype (Currence, 1931; Lamprecht, 1947) , and comparison of molecular diversity in snap bean based on RAPD markers indicated wax beans are dispersed genetically among snap beans (Cunha et al., 2004) . In prior work the wax bean cultivar Carson (Syngenta Seeds, Golden Valley, Minn.) was identifi ed as heat tolerant, in contrast to the heat-sensitive ʻMajesticʼ, evidence that tolerance or sensitivity to high temperatures during reproductive development is not linked to the wax bean genotype (Rainey and Griffi ths, 2005a) . There is evidence that snap bean has a broad genetic base (Haley et al., 1994; Skroch and Nienhuis, 1995) , but modern germplasm has uniform morphological and developmental characteristics, such as upright growth habit, early maturity, small seeds, low-fi ber pods, and a concentrated pod set. For commercial production purposes snap beans are harvested in a single destructive harvest. To maximize yields, snap beans have been selected to have near-simultaneous bloom, leading to concentrated pod set and pod-fi lling (Myers and Baggett, 1999) . These uniform morphological and developmental characteristics facilitate studies of heat tolerance in snap bean because plants in a controlled-environment study experience heat stress at a similar stage of development. Additionally, most modern snap bean germplasm is determinate, which in combination with the short fl owering time prevents "escapes," or plants which avoid heat stress by delaying fl owering or pod set until the stress passes.
The objectives of this study were to 1) evaluate the inheritance of yield components in snap bean under heat stress in six populations generated from a single cross, and 2) study the genetic control of abscission of reproductive organs under heat stress.
Materials and Methods
PLANT MATERIALS. ʻCornell 503ʼ and ʻMajesticʼ were used to generate F 1 , F 2 , BC 1 P 1 (F 1 × ʻMajesticʼ), and BC 1 P 2 (F 1 × ʻCornell 503ʼ) populations, with reciprocals. ʻCornell 503ʼ is heat-tolerant snap bean inbred breeding line (Cornell Univ., Geneva, N.Y.) and ʻMajesticʼ is a heat-sensitive wax bean cultivar (Rogers Seed, Boise, Idaho). Both have a type I determinate upright bush growth habit.
The high-temperature stress response of both parents was determined in a previous study (Rainey and Griffi ths, 2005a) , in which ʻMajesticʼ exhibited a 29% decrease in pod number and an 9% decrease in seeds per pod in a range from two nonstress treatments (24 °C day/21 °C night and 27 °C/24 °C) to a moderate heat-stress treatment (30 °C/27 °C), and 100% yield loss under severe heat stress conditions of 33 °C/30 °C. It was observed in that study that yield loss under high temperatures in ʻMajesticʼ is due to abscission of reproductive organs beginning at bud primordial stage through anthesis, and abscission of many fl owers 1-2 d post-anthesis. ʻCornell 503ʼ displayed relatively higher heat tolerance under the same conditions with a 17% increase in pod number and a 13% decrease in seeds per pod in the 30 °C/27 °C treatment, and 21% decrease in pod number and a 14% decrease in seeds per pod in the 33 °C/30 °C treatment. ʻCornell 503ʼ produces a short fl ush of many fl owers, most of which develop into pods.
EXPERIMENTAL DESIGN. Four replications divided a 90-m 2 greenhouse into quadrants. Forty plants of each of the parental and F 1 generations, 400 plants of the F 2 generation, and 80 plants of each of the backcross generations were divided equally between the four replications. Plots of fi ve plants of the same generation were randomized in each replication. Reciprocals of each generation were included in equal numbers, but data collection and analysis did not control for this effect, based on results from a previous diallel analysis indicating reciprocal effects were not signifi cant for heat tolerance in related material (Rainey and Griffi ths, 2005b) .
Seed of the six generations were sown 9 Mar. 2004 in 14.6 × 14.6-cm square pots fi lled with "Cornell mix" (Boodley and Sheldrake, 1972) in the greenhouse. The greenhouse was set for a 14-h photoperiod with supplemental lighting provided by 1000-W metal halide bulbs (SunSystem III; Sunlight Supply, Vancouver, Wash.) at a rate of 300 μmol·m -2 ·s -1 of photosynthetically active radiation at bench level. Greenhouse temperatures were set at 24 °C day/21 °C night for germination and development of seedlings. Temperatures were raised to 32 °C/28 °C on 22 Mar. 2004, 9 d prior to earliest anthesis. A high night temperature was used because high night temperatures are more detrimental to yield in common bean than high day temperatures (Konsens et al., 1991) . Heat treatment ceased when plants had begun to senesce on 29 Apr. 2004. Plants were irrigated as needed and fertilized equally.
After plants had dried down, all pods were harvested from individual plants. Pod and seed counts, and seed weight (to 0.01 g) were recorded separately for each plant in the experiment. Pins were defi ned as pods not possessing any seeds and were counted separately from pods (data not shown).
Abscission was measured by visually rating the extent of abscission of reproductive organs (RO) abscising from individual plants on 19 Apr. 2004, ≈17 d after anthesis. RO abscised at a range of developmental stages, from small buds (≈7 d before anthesis) to small pins (≈3 d after anthesis). Individual plants were rated on a scale of 1-5, with 1 = abscission of ≈100% of RO, 2 = abscission of mean of 75% RO, 3 = abscission of mean of 50% of RO, 4 = abscission of mean of 25% of RO, and 5 = virtually no abscission of RO. In biological systems absolute vales such as zero abscission or total abscission rarely occur. Even under optimal conditions some abscission will always occur on individual plants in common bean. However, individuals with a "5" rating set pods from most fi rst opened fl owers, without production and subsequent abscission of many fl owers. A rating of "1" represented that essentially no fl ower set pods.
STATISTICAL ANALYSIS. A joint-scaling test was performed for the yield components pod number and seeds per pod using parental, F 1 , F 2 , BC 1 P 1 , and BC 1 P 2 generation means and variances to provide estimates for the estimated mean [m], additive effects [d] , and dominance effects [h] . Goodness-of-fi t of the three-parameter model to the observed data was evaluated by assuming the sum of the squared deviations follows a chi-square (χ 2 ) distribution with three degrees of freedom. Lack of fi t implies the existence of non-additive gene effects other than dominance (Cavalli, 1952) . When the three parameter model did not show a good fi t for pod number, a six-parameter scaling test to determine the adequacy of a digenic epistatic model was performed (Mather and Jinks, 1982 [l] . The calculations were completed using the JNTSCALE software (Ng, 1990) , which also provided estimates of broad-sense heritability according to the following formula from Allard (1960) : H = σ a 2 / σ A 2 . The three-and sixparameter scaling tests are described in detail in Mather and Jinks (1982) . Signifi cance of the genetic parameters was determined with one-sample t tests where, for example,
2 and degrees of freedom = (number of generations used to estimate [d] ) × (number of replicates -1), and so forth for each parameter. The goodness-of-fi t of the observed segregation of abscission score to expected segregation ratios under the hypothesis of a single Mendelian gene with dominant or recessive alleles was tested using the χ 2 statistic with 2 df. Correlations among yield components and abscission score were calculated using Pearson product-moment correlations (SAS, 1997).
Results
Generation means for abscission score, pod number, and seeds per pod are presented in Table 1 . Signifi cant differences were detected among generations for the traits measured. The effect of replication was signifi cant (P < 0.05) for pod number only. As expected, abscission scores, pod number, and seed number means were lower for ʻMajesticʼ (P 1 ) than for ʻCornell 503ʼ (P 2 ). Means for pod number and seeds per pod were signifi cantly higher in the F 1 generation compared to ʻCornell 503ʼ (Table 1) , with large positive high-parent heterosis (Fehr, 1987) , suggesting nonallelic interaction. High-parent heterosis for pod number was also signifi cant in the BC 1 P 2 generation. Individual plants of ʻMajesticʼ were larger overall compared to ʻCornell 503ʼ. The F 1 and BC 1 P 2 plants were subsequently larger than ʻCornell 503ʼ, which may have contributed to the heterosis seen in these generations, as larger plants may have greater yield potential. For both pod number and seeds per pod, the F 2 and P 2 generation means were statistically equivalent. BC 1 P 1 means were signifi cantly different from both parents, and may be explained by segregation of a gene affecting pod set (see below), rather than additive effects. Pod number, seeds per pod, and abscission score were all highly correlated with (P ≤ 0.0001) with one another (data not shown).
The distribution of abscission scores in segregating generations (Fig. 1) suggested the hypothesis that a high rate of abscission in response to heat stress was controlled by a single recessive gene from ʻMajestic,ʼ and that this allele was segregating in the BC 1 P 1 and F 2 generations. Observed segregation ratios in the F 2 , BC 1 P 1 , and BC 1 P 2 generations were not signifi cantly different from expected segregation ratios under the hypothesis of a single recessive gene conditioning the high-abscission phenotype (Table  2) . Additionally, abscission scores of "1" or "2," indicating high abscission of reproductive organs, were absent in the F 1 as all individuals possessed the dominant allele from ʻCornell 503ʼ. The F 1 generation would be heterozygous for the alleles of the hypothetical abscission gene, and the majority of individuals in the F 1 generation were scored for abscission as a "3." This suggests the abscission allele from ʻCornell 503ʼmay be incompletely dominant. For calculation of segregation ratios, scores of "1" and "2" were grouped into a class representing the heat-sensitive, high-abscission, ʻMajesticʼ phenotype. In the histograms in Fig.  1 , scores of "4" and "5" were grouped into a class because so few plants received a "5" score.
Histograms for pod number and seeds per pod (Fig. 2) are included for illustrative purposes, and the generation means analyses for these traits (see below) were calculated for individual plants in the study. Distributions in the BC 1 P 1 and BC 1 P 2 generations were skewed towards the recurrent parent. The BC 1 P 1 displayed bimodal distributions for pod number and seeds per pod due to 1:1 segregation of the recessive abscission allele from ʻMajesticʼ and the dominant abscission allele from ʻCornell 503ʼ. The distribution of pod number in the BC 1 P 2 is similar to ʻCornell 503ʼ due to dominance of the allele from that parent. Pod number in the F 2 does not completely refl ect action of the recessive abscission allele, as some plants abscised a large percentage of RO but also displayed moderate to high pod set. As abscission scores were based on percentage of RO abscising, some F 2 plants producing many RO received an abscission score of "2" while maintaining high pod set, a refl ection of the total number of RO produced. Differences in plant size between the parents may explain this observation. In F 2 individuals with a high abscission/high pod set phenotype, interaction of factors from both parents resulted in large plants that produced many reproductive organs. This effect was also evident in some individual ʻMajesticʼ plants that set a one to four pods with high seeds per pod, contributing to high variance for seeds per pod for ʻMajestic.ʼ Additionally, the F 2 histogram for seeds per pod showed a quantitative distribution, which when compared to the F 1 histogram skewed towards ʻCornell 503ʼ, emphasizes heterotic and dominance genetic action for heat tolerance. This indicates selection for heat tolerance should be undertaken in advanced inbred lines in order to avoid the confounding infl uence of these genetic effects.
Generation means analysis for pod number required a sixparameter model that includes signifi cant nonallelic interaction terms to explain differences among phenotypes in the six generations (Table 3) . Signifi cant interaction terms for pod number are likely the result of epistatic interaction of the abscission gene with genes conditioning pod number. Moreover, pod number was highly correlated with abscission score (P ≤ 0.0001). The action on the abscission gene is also apparent from the large goodnessof-fi t values for the BC 1 P 1 and F 2 generations (Table 4) , as segregating individuals with high rates of abscission increased the number of individuals in these generations with low pod number. Similarly, this effect may also have resulted in signifi cant correlation between seed number and both pod number and abscission score. Despite this correlation, a simple additive-dominance model was suffi cient to explain variation among generations for seeds per pod (Table 3) . Negative values for [d] and [j] are the result of designating the low parent (heat sensitive) as P 1 in calculations. A negative value for the additive × additive epistatic interaction parameter, [i] , for pod number indicated alleles responsible for pod number were in dispersive form, meaning both parents contributed positive alleles infl uencing pod number under heat stress during reproductive development (Mather and Jinks, 1982) . Parameter estimates were all signifi cant for both pod number and seeds per pod ( Broad-sense heritability for abscission score was high (0.79), as to be expected of a simply inherited major gene. Pod number broad-sense heritability was also high (0.74), but may be overestimated due to epistatic interaction of this trait with the potential gene controlling abscission. Additionally, this interaction resulted in low variance for pod number for ʻMajesticʼ, which lowered estimates of environmental variance for this trait. Heritability estimates are generally low in common bean and other grain legumes for various traits related to heat tolerance (Dickson, 1993; Marfo and Hall, 1992) . Heritability was negative for seeds per pod, because variance for this yield component was higher for ʻMajesticʼ than the F 2 (see the third paragraph of this section). The presence of dominant and epistatic gene action in this cross violated assumptions for calculation of narrow-sense heritability.
Discussion
In this study, dominance genetic effects were larger than additive, in agreement with prior work on reproductive heat tolerance in common bean. Bouwkamp and Summers (1982) , and Dickson and Petzoldt (1989) also determined that dominant gene action is important in controlling pod set under heat stress. However, these two early studies did not emphasize high night temperatures, with temperature regimes of 43 °C/25 °C in the former, and 35 °C/22 °C in the latter. This is important as night temperatures, generally ≥27 °C, cause critical yield loss in common bean (Gross and Kigel, 1994; Konsens et al., 1991; Porch and Jahn, 2001; Rainey and Griffi ths, 2005a; Suzuki et al., 2001) . The current authors found evidence for non-additive genetic effects for reproductive heat tolerance in a diallel analysis of ten snap bean breeding lines and cultivars as indicated by signifi cant specifi c combining ability (SCA) effects (Rainey and Griffi ths, 2005b) . Observing dry bean crosses under high-temperature fi eld conditions, Shonnard and Gepts (1994) found additive genetic effects to be most important for tolerance to bud abortion, with dominance present in certain crosses, and negative additive × additive epistatic effects infl uencing percent pod fi ll. A negative additive × additive epistatic effect, [i], was signifi cant in the current study for pod number [i] , and indicates both parents contributed positive alleles infl uencing pod number under heat stress during reproductive development. This observation suggests alleles and genes conditioning heat tolerance may exist in other heat-sensitive common beans, but their action is masked by genes such as the one potentially controlling abscission observed in this study. This result emphasizes that although abscission of RO under heat stress may be under major gene control in this cross, the number of pods set under heat stress is a multiple-gene trait with quantitative inheritance. Fig. 1 . Histograms of abscission score under heat stress for six generations from the cross ʻMajesticʼ × ʻCornell 503ʼ when plants were grown under high-temperature stress (32 °C day/28 °C night) in a controlled environment. Abscission score is arranged in classes on the x-axis, percentage of plants in each class is listed on the y-axis. Abscission of a large percentage of total reproductive organs (RO) corresponds to a score of "1" or "2," abscission of a moderate percentage of RO corresponds to "3," and abscission of a low percentage of RO corresponds to a rating of "4" or "5." P 1 = ʻMajesticʼ (heat sensitive), P 2 = ʻCornell 503ʼ (heat tolerant). z Under high-temperature stress (32 °C day/28 °C night) in a controlled environment, abscission of a large percentage of total reproductive organs (RO) corresponds to a score of "1" or "2," abscission of a moderate percentage of RO corresponds to "3," and abscission of a low percentage of RO corresponds to a rating of "4" or "5." P 1 = ʻMajesticʼ (heat sensitive), P 2 = ʻCornell 503ʼ (heat tolerant). y Percentage of individuals of each generation observed to have either high abscission, or low to moderate abscission.
Heterosis for pod number and seeds per pod was observed in the current study. Dispersal of alleles in parents and unidirectional dominance are thought to be responsible for heterosis (Pooni and Treharne, 1994) , and both types of genetic action were signifi cant in this study. Evidence that both parents contributed positive alleles infl uencing pod number under heat stress may explain the observation of signifi cant high-parent heterosis, as positive alleles, genes, or both, from ʻMajesticʼ increased pod number in the F 1 , F 2 , and BC 1 P 2 over ʻCornell 503ʼ. Heterosis in some crosses for percent pod fi ll was also observed by Shonnard and Gepts (1994) . Dickson (1993) noted that the F 1 between heat-tolerant and heat-sensitive lines was more heat tolerant than parents and F 2 progenies in two studies. Heterosis for yield and yield components was signifi cant in numerous studies of dry bean (Evans, 1970; Foolad and Bassiri, 1983; Nienhuis and Singh, 1986) .
Abscission of reproductive organs is the most signifi cant reaction to heat stress of grain legumes and other crops, including Brassica L. species (Morrison and Stewart, 2002) , pepper (Erickson and Markhart, 2002) , and tomato (Lycopersicon esculentum Mill.; Sato et al., 2001 ). Based on evidence from three segregating generations, the current study found abscission of reproductive organs due to heat stress in the sensitive parent, ʻMajesticʼ, and a subset of its progeny, was controlled by a single recessive gene. F 3 progeny tests of lines from individual F 2 plants are needed to confi rm this observation. Major gene control of this critical reaction to high-temperature stress has not been previously reported in common bean, or other grain legumes. This fi nding is potentially useful for development of molecular markers for marker-assisted selection (Forster et al., 2000) , and further genetic and physiological characterization of reproductive heat stress. If confi rmed, the gene could potentially be fi ne-mapped to its chromosomal location on the common bean linkage map (Gepts, 1999) . Cloning and sequencing this gene might identify its function, which could provide insight into the possible mechanisms contributing to heat sensitivity in common bean and other grain legumes (Tang et al., 2004) . Physiological characterization of dwarfi ng genes in cereals led to the development of physiological screening criteria for yield, and aided breeders in developing strategies for deployment of genes in different environments (Blum and Nguyen, 2004) .
That the heat-sensitive reaction of ʻMajesticʼ is overcome by a dominant allele present in ʻCornell 503ʼ is important from a breeding perspective. Genetics of high temperature tolerance are better characterized in cowpea than common bean, and responses of the two species are thought to be similar (Hall, 2004) . In cowpea, the action of a single recessive gene and some minor genes has been shown to enhance the ability of plants to set pods under heat stress. This tolerance can be fi xed by selection in the F 2 , although heritability is low and requires multiple generations of Fig. 2 . Histograms of (A) pod number and (B) seeds per pod for six generations from the cross ʻMajesticʼ × ʻCornell 503ʼ when plants were grown under high-temperature stress (32 °C day/28 °C night) in a controlled environment. P 1 = ʻMajesticʼ (heat sensitive), P 2 = ʻCornell 503ʼ (heat tolerant). family selection to stabilize high pod set (Marfo and Hall, 1992) . Considering such breeding accomplishments in cowpea, results reported here provide evidence that improvement of heat tolerance in common bean may involve genes with major effects. 
